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ABSTRACT We present a novel microfabricated dielectrophoretic trap designed to pattern large arrays of single cells.
Because ﬂowing away untrapped cells is often the rate-limiting step during cell patterning, we designed the trap to be strong
enough to hold particles against practical ﬂow rates. We experimentally validated the trap strength by measuring the maximum
ﬂow rate that polystyrene beads could withstand while remaining trapped. These bead experiments have shown excellent
agreement with our model predictions, without the use of ﬁtting parameters. The model was able to provide us with
a fundamental understanding of how the traps work, and additionally allowed us to establish a set of design rules for optimizing
the traps for a wide range of cell sizes. We provide the foundations for an enabling technology that can be used to pattern cells
in unique ways, allowing us to do novel cell biology experiments at the microscale.
INTRODUCTION
Cell patterning—the ability to place cells in a desired
location—has become an increasingly important tool for
control of the cellular microenvironment. The cellular
microenvironment is inﬂuenced by several factors, including
cell-media, cell-matrix, and cell-cell interactions. Cell pat-
terning can be used to manipulate cell-cell interactions, vary-
ing the contact area between two cell types in coculture
(Bhatia et al., 1998). Cell patterning can also be used to direct
cell-matrix interactions, controlling the amount of contact
areawith the extracellular matrix (ECM) (Chen et al., 1997) or
the type of ECM that the cell sits on (Folch and Toner, 1998).
Techniques have even been developed to extend these planar
interactions into a three-dimensional cellular matrix (Tan
and Desai, 2003). Cell patterning also has the potential to
improve devices like cell-based biosensors—using living
cells as sensing elements for applications like toxin detection
(Tempelman et al., 1996) and defense monitoring (Paddle,
1996). Cells have successfully been interfaced to sensing
elements to form cell-based biosensors and recent advances in
cell patterning may enable reproducible and manufacturable
biosensor devices (Pancrazio et al., 1999).
Several techniques exist for patterning cells. Microﬂuidic
patterning takes advantage of the laminar ﬂows in micro-
ﬂuidic devices to pattern the cell-culture substrate, cells, or
cell-culture media (Takayama et al., 1999). Other methods
use physical barriers to place cells, either using microwells
(Revzin et al., 2003) or removable elastomeric stencils
(Folch et al., 2000). The substrate that the cells sit on can
also be modiﬁed to selectively pattern cells. Microcontact
stamping uses a polydimethylsiloxane (PDMS) stamp to
pattern matrix proteins onto a substrate (Xia and Whitesides,
1998), whereas electroactive substrates use an applied
voltage to switch the surface properties of a substrate, both
allowing cells to selectively attach in speciﬁc areas (Lahann
et al., 2003; Yeo et al., 2003). Electromagnetic forces can
also be used to pattern cells. Electrophoresis utilizes the
negative charges of cell-membrane proteins to exert forces
on cells in a constant (DC) electric ﬁeld, creating patterned
cellular arrays (Ozkan et al., 2003). Optical tweezers use
optical frequency nonuniform electromagnetic ﬁelds to
manipulate cells (Birkbeck et al., 2003; Dufresne and Grier,
1998), whereas dielectrophoresis (DEP) uses nonuniform
AC electric ﬁelds in the range from 10 kHz to 100 MHz to
position cells on or between electrodes (Gray et al., 2004).
DEPoffersmany advantages as a cell-patterning technique.
Because DEP traps consist of scalable electrode arrays, they
can be designed to pattern thousands of cells on a single glass
slide and be made small enough to ensure single-cell
resolution (Gray et al., 2004). In addition, DEP can be used
to place cells without the need for patterning the substrate
(Prasad et al., 2004) or, when used in combination with ECM
patterning can yield dramatic improvements in patterning
efﬁciency compared to patterning with ECM alone (Gray
et al., 2004). Several applications such as cell development
studies, cell-based biosensors, and tissue engineering would
beneﬁt from the numerous features that DEP provides.
DEP traps can use either negative dielectrophoresis
(nDEP)—pushing cells away from the electrodes—or
positive dielectrophoresis (pDEP)—pulling cells toward the
electrodes. Prior single-cell DEP traps include nDEP octo-
poles (Schnelle et al., 1993), nDEP cages (Manaresi et al.,
2003), nDEP posts (Voldman et al., 2003), pDEP circles
(Prasad et al., 2004), and a pDEP points-and-lid geometry
(Gray et al., 2004). The nDEP octopole and nDEP cages are
created using electrodes on the top and bottom of the chamber
and are designed for cell sorting. They both trap cells in the
center of the channel, rather than on the surface, making them
inappropriate for patterning cells. In addition, the nDEP
octopole (Schnelle et al., 1993) has strict packaging needs,
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requiring alignment of the quadrupoles on the top and bottom
of the channel. The nDEP posts (Voldman et al., 2003) use an
extruded quadrupole geometry that traps the cells above the
substrate, which is also inappropriate for cell patterning. In
addition, the 50-mm-high electrode postsmake the fabrication
difﬁcult and would not allow unobstructed cell proliferation.
The pDEP geometries (Gray et al., 2004; Prasad et al., 2004)
were designed to pattern cells and can do so effectively.
However, to create the necessary conditions for pDEP, the
cells need to be immersed in an artiﬁcial low-conductivity
media that could affect cell physiology, especially for
sensitive cells. nDEP traps allow the use of normal cell media.
When patterning cells using DEP, the strength of the DEP
trap is another important consideration because ﬂowing away
untrapped cells is often the rate-limiting step. Previous nDEP
traps that are appropriate for single-cell patterning are too
weak for practical experimental times (Voldman et al., 2001).
Here we present a single-cell nDEP trap that is strong enough
for useful operation. We demonstrated this strength by mea-
suring the maximum ﬂow rate that test particles could with-
stand while remaining trapped, and matched this to a
quantitative predictive model with excellent agreement. The
model was able to provide us with a clear understanding of
how our traps work, and additionally allowed us to establish
a set of design rules for optimizing the traps for awide range of
cell sizes. Overall, wewish to present a fundamental approach
to cell patterning that can be utilized by engineers and bio-
logists to do novel cell biology experiments at the microscale.
THEORY
In the traps, the particles experience several forces: the DEP
force, the hydrodynamic drag (HD) force, the hydrodynamic
lift (HL) force, and gravity. When designing a trap, we use
these forces to determine the maximum ﬂow rate the particle
can withstand while remaining trapped.
DEP traps use the interaction of an induced multipole in
a nonuniform electric ﬁeld to create forces that will stably
position particles. The dipole component of the DEP force is:
F
ð1Þ ¼ 2pemR3 Re½CMðvÞ=E2ðr;vÞ; (1)
where Fð1Þ refers to the dipole approximation to the DEP
force, em is the electrical permittivity of the surrounding
media, R is the radius of the particle, and E is the complex
applied electric ﬁeld, where v is the frequency of the applied
ﬁeld in radians and r is the spatial coordinate of the particle.
CM is the Clasius-Mossotti (CM) factor, which for a lossy
dielectric uniform sphere, such as a bead, is given by:
CM ¼ ep  em
ep1 2em
; (2)
where em and ep are the complex permittivities of the medium
and particle, respectively, and are each given by e ¼ e1s=jv
where e is the permittivity of the medium or particle, s is the
conductivity of the medium or particle, and j is
ﬃﬃﬃﬃﬃﬃ1p . A
positive CM factor indicates that the DEP force pushes
particles toward the electrodes to the electric-ﬁeld maxima
(pDEP) whereas a negative CM factor indicates that the DEP
force pushes particles away from the electrodes to the electric-
ﬁeld minima (nDEP). Equation 1 is the simplest approxima-
tion to the DEP force, and only includes the dipole
contribution to the DEP force. For electric ﬁelds with higher
nonuniformities, higher-order moments will be induced in the
particle, requiring the addition ofmultipoleDEP forces (Jones
and Washizu, 1996; Washizu and Jones, 1996).
The HD force is caused by the ﬂow of a viscous ﬂuid
around an object. The trapped particles are stationary and rest
on a bottom substrate. The HD force is then similar to
Stokes’ drag on a sphere, with a correction for the effects of
the wall (Goldman et al., 1967), and is given by:
Fdrag ¼ 6pmR _gFdragz ¼ 6pmRð6Q=wh2ÞFdragz; (3)
where m is the viscosity of the liquid, Fdrag is a non-
dimensional factor incorporating the wall effects, z is the
distance from the particle center to the substrate, and _g is the
shear rate at the wall in a parallel plate ﬂow chamber, where
Q is the ﬂow rate, w is the chamber width, and h is the
chamber height (Deen, 1998).
The gravitational force on the bead is:
Fgrav ¼ 4
3
pR
3ðrm  rpÞg; (4)
where rm and rp are the densities of the medium and particle,
respectively, and g is the gravitational acceleration constant.
The HL force is caused by low Reynolds-number viscous
ﬂow over an object near a solid plane, which tries to levitate
the particle. For a stationary sphere in contact with the plane,
the lift force becomes (Cherukat and McLaughlin, 1994;
Leighton and Acrivos, 1985):
Flift ¼ 9:22 _g2rmR4 ¼ 9:22ð36Q2=w2h4ÞrmR4: (5)
MATERIALS AND METHODS
Stock solutions
Bead stock solutions were made with conductivity of 0.01 S/m by com-
bining appropriate volumes of 18.2-MV-cm deionized water and Dulbec-
co’s phosphate buffered saline (Gibco, Carlsbad, CA), both containing 0.1%
Triton X-100 (Sigma, St. Louis, MO). Conductivities were measured using
a Thermo Orion model 555A conductivity meter (VWR, Cambridge, MA).
Beads
Polystyrene beads, with density of 1.062 g/cm3, at ﬁve different bead
diameters were used. Beads (4.2- and 8.2-mm diameter) (Polysciences,
Warrington, PA) with6 SD 0.33 and 0.17 mm, respectively, were packaged
as 1% solids in water. A 2.0-mL aliquot of these bead solutions was washed
in 1.0 mL of stock solution and resuspended in 1.0 mL of stock solution.
Polystyrene beads (incorporating 2% divinyl benzene) with diameters of 9.7,
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14.2, and 19.5 mm (Bangs Laboratories, Fishers, IN) with 6 SD 0.10, 0.72,
and 0.31 mm, respectively, were packaged as 10% solids in water. A 0.5-mL
aliquot of these bead solutions was washed in 0.5 mL of stock solution and
resuspended in 1.0 mL of stock solution.
Electrode traps
The DEP traps were formed by patterning gold onto glass slides. Standard
microscope slides of 38 3 75 mm were cleaned for 10 min in a Piranha
solution (3:1 H2SO4:H2O2), blow dried with N2, and then dehydrated for 30
min at 225C. Photolithography was then performed using the image-
reversal photoresist Hoechst AZ-5214 (Somerville, NJ) to deﬁne the
electrode patterns. Then, 250 A˚ of titanium and 2500 A˚ of gold were
evaporated onto the slides followed by resist dissolution and metal liftoff in
acetone. The traps were designed as one square electrode with inner square
side length of 25 mm and another line electrode spaced 10 mm away. All
electrode widths were 10 mm (Fig. 1 A).
The as-fabricated trap dimensions differed from the designed dimensions
submitted to the transparency mask manufacturer (Fig. 1 B). This is because
our minimum feature size of 10 mm is also the minimum allowed by the
mask manufacturer, and the variance at this feature size is 3.2 mm. In
addition, variations in photolithography exposure times signiﬁcantly
changed the trap dimensions and our exposure times were chosen to yield
as-fabricated dimensions that were closest to the designed dimensions.
However, this discrepancy in designed and as-fabricated trap dimensions did
not signiﬁcantly affect the predicted maximum ﬂow rates (data not shown).
All the predictions shown in Figs. 3, 4, and 5 use the as-fabricated geometry
and all the predictions shown in Figs. 6, 7, and 8 use the designed geometry.
The DEP traps were in a 5 3 5 square array, with a trap-to-trap distance
of 200 mm (Fig. 1 C). The minimum feature size of the traps is $10 mm,
which allows the use of inexpensive transparency masks for photolithog-
raphy (CAD Art Services, Poway, CA).
Flow chamber and packaging
The ﬂow chambers were made using a Si master wafer to mold the PDMS
gasket. The Si wafers were cleaned for 10 min using the same Piranha
solution described above, blow dried with N2, and dehydrated for 10 min at
130C. Photolithography was then performed using SU8-50 (Microchem,
Newton, MA) to deﬁne the ﬂow chamber patterns. The wafers were
developed for 10 min using PM acetate (Doe and Ingalls, Boston, MA) and
then silanized for 30 min using hexamethyldisiloxane (Shin-Etsu MicroSi,
Phoenix, AZ). PDMS (Sylgard 184, Dow Corning, Midland, MI) was then
poured over the master Si wafer to form a gasket, using the ‘‘sandwich
molding process’’ (Jo et al., 2000). The PDMS gasket was then plasma
oxidized and bonded to a standard (25 3 75 mm) microscope slide and two
holes were drilled to deﬁne inlet and outlet ports for the tubing. The tubing
was epoxied (Radioshack quick-setting epoxy) to this chamber top. The
FIGURE 1 Overview of the DEP trap
and trap array, ﬂow chamber packaging,
and ﬂuidics. The DEP geometry consists of
a square electrode and a line electrode. (A)
The designed trap dimensions. (B) The as-
fabricated trap dimensions. (C) A micro-
graph of the fabricated 53 5 trap array. (D)
The ﬂuidics consisted of one free syringe
and one syringe powered by a syringe
pump, connected to a four-way valve, with
valve output connected to the ﬂow cham-
ber. The ﬂow chamber output was con-
nected to waste. (E) Flow chamber
packaging involved bonding a glass slide
to a PDMS gasket, drilling holes into the
top chamber and epoxying tubing, and
aligning and sealing to the electrode slide
using four binder clips.
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chamber top was then clamped to the bottom electrode slide using four
binder clips for easy assembling and disassembling. Wires were electrically
connected to the electrodes using conductive epoxy (Circuit Specialists,
Mesa, AZ). An overview of the packaging is shown in Fig. 1 E.
Fluidics
The two inputs of a four-way valve (V-101D, Upchurch Scientiﬁc, Oak
Harbor,WA)were connected to a 5-mL syringe ﬁlledwith beads and a 10-mL
syringe ﬁlled with stock solution. The 10-mL syringe was controlled using
a syringe pump (KDScientiﬁc 210C,Holliston,MA). One output on the four-
way valve was connected to 1/16-inch–outer-diameter (OD) PEEK tubing
(1536, Upchurch Scientiﬁc, OakHarbor,WA) and the other was connected to
waste. The 1/16-inch-OD tubingwas then adapted to the 1/32-inch-ODPEEK
tubing (1575, Upchurch Scientiﬁc, Oak Harbor, WA) at the inlet on the ﬂow
chamber top. The 1/32-inch-OD tubing connected to the outlet on the ﬂow
chamber top was connected to waste. The ﬂuidics setup is shown in Fig. 1D.
Optics
An automated upright microscope (Zeiss Axioplan 2 imaging, Thornwood,
NY) was used in the bead experiments and an inverted microscope (Zeiss
Axiovert 200, Thornwood, NY), along with a SPOT digital camera
(Diagnostic Instruments, Burlingame, CA), was used to take pictures of the
trap geometries to determine as-fabricated trap dimensions.
Measuring chamber height
We measured the ﬂow chamber height with an automated microscope by
focusing on the electrodes on the bottom glass slide and then focusing on the
top of the PDMS gasket. The difference between the two focus points was
called the chamber height. The microscope has a motorized focus, allowing
a minimum step resolution of 25 nm.
Because the device ﬂow chamber is sealed using binder clips, the height
of the ﬂow chamber varied depending on how the slides were clipped
together. Because the HD force is very sensitive to the ﬂow chamber height
(Eq. 3), the ﬂow-chamber height was measured at the same location in the
ﬂow chamber, twice before the experiment and once after the experiment.
These three values were averaged together to give the height used in the
model. The two chamber heights measured before the experiment differed
by up to ;5 mm, due to the variability in focusing on the substrate. The
chamber height after the experiment never varied by .;2 mm from the
before measurements, suggesting that the chamber height did not
signiﬁcantly drift over the course of the experiment. Bead experiments for
bead diameters 4.2 and 8.2 mm were performed sequentially with the same
experimental setup at a ﬂow chamber height of 103 mm and bead diameters
9.7, 14.2, and 19.5 mm were performed sequentially with the same
experimental setup at a ﬂow chamber height of 95 mm.
Determining peak holding diameter
To be objective in choosing the peak holding diameter from the size-
selectivity curves, the curves were cubically ﬁt using MATLAB (Math-
works, Natick, MA) and the peak holding diameter was chosen as the
diameter at the peak maximum ﬂow rate.
Electrical excitation
Sine wave excitation at 5 MHz was generated by an Agilent 33250A signal
generator (Agilent, Palo Alto, CA). One trap electrode was set to ground
whereas the other trap electrode was set to either 0, 1, 2, 3, 4, or 5 Vp (peak
voltage), while the signal was measured using a digital oscilloscope
(Tektronix TDS 2024, Beaverton, OR) and found to be 0, 1.08, 2.08, 3.08,
4.08, and 5.08 Vp.
Bead experiments
The ﬂow chamber was initially primed with ethanol to remove any bubbles
and then ﬂushed with stock solution to remove the ethanol from the cham-
ber. The bead solution was then injected into the ﬂow chamber so the
maximum number of traps in the 53 5 array had beads in them (n$ 3). The
signal generator was turned on to 5 Vp, trapping beads that were already
inside the square electrode. The syringe pump was then turned on and stock
solution was ﬂowed through the chamber at 20 mL/min to clear all the
untrapped beads from the ﬁeld. The ﬂow rate was then set to 1 mL/min so the
signal could be set to the desired voltage without losing any of the trapped
beads. The ﬂow rate was then stepped up, at 1 mL/min intervals, until the
maximum ﬂow rate was reached. The maximum ﬂow rate was determined to
be the highest ﬂow rate at which the beads would remain trapped for 1 min,
observed through the microscope. This time was chosen empirically by
observing that beads held for 1 min, if the ﬂow was continued, would usually
(.90%) be held indeﬁnitely. The maximum ﬂow rate was recorded for all
the trapped beads in the array. Then the procedure was repeated at a different
applied voltage. For each bead diameter, maximum ﬂow rate measurements
were made every 1 Vp from 0 to 5 Vp.
Modeling
Modeling was performed using an updated version of previous software
(Voldman et al., 2001)written inMATLAB (Mathworks). Themodel takes as
inputs electrical ﬁeld data (Fig. 2) obtained using FEMLAB 3.0 (Comsol,
Burlington, MA) and other experimental parameters to compute the total
force everywhere in space, consisting of the multiorder DEP force (x-, y-,
z-direction), theHD force (x-direction), gravity (z-direction), and theHL force
(z-direction). The lift force was found to be negligible compared to the
FIGURE 2 Electric-ﬁeld magnitude (in V/m) inside the DEP trap at an
applied voltage of 5 Vp. The contour lines show the lines of equal electric-
ﬁeld magnitude.
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z-directed DEP force and gravity. When included in the total force
calculations, the lift force did not affect the maximum ﬂow rate (data not
shown). However, because the lift is proportional toQ2 andR4 (Eq. 5), the lift
force could become signiﬁcant for higher ﬂow rates and larger bead diameters.
These forces are used to create streamlines of where the particle will
travel, determining if the particle is stably held in the trap or is pushed out of
the trap by the ﬂow. By varying the ﬂow rate for a given experimental
condition, the modeling software can determine the maximum ﬂow rate at
which the particle is still held within the trap. The geometry simulated in
FEMLAB is representative of the true experimental conditions, with a 100-
mm-high ﬂow chamber sandwiched between two 1-mm-thick glass slides.
The boundary conditions were electric potential on the electrodes, electric
insulation on the outer surfaces, and continuity everywhere else.
The simulations were performed on polystyrene beads with a bead density
of 1062 kg/m3,mediumdensity of 1000kg/m3, bead conductivity of 23 104
S/m, and relative permittivity of 2.5, in media with a conductivity of 0.01 S/m
and relative permittivity of 80. The applied signal was always a sine wave at
5 MHz. For the bead experiment simulations, the maximum ﬂow rate was
determined for each of the bead diameters as a function of the measured
voltages of 0, 1.08, 2.08, 3.08, 4.08, or 5.08 Vp. The chamber geometry was
3-mmwide and either 95- or 103-mmhigh, depending on the experiment. For
the size selectivity and design rule simulations, the maximum ﬂow rate was
determined at a ﬁxed voltage of 5.08 Vp, as a function of bead diameter that
ranged from 2 to 24 mm, with 2-mm resolution. The chamber geometry was
3-mm wide. The chamber height was 95 mm for the size-selectivity
simulation, 100 mm for the design rule simulations that varied electrode
dimensions, and 50–250 mm for the design rule simulation that varied
chamber height. All simulations used a ﬂow-rate resolution of 1.0 mL/min.
RESULTS
Because ﬂowing away untrapped cells is often the rate-
limiting step during cell patterning, the DEP traps need to be
strong. To demonstrate the strength of our DEP traps, we
used beads as model particles to measure the ﬂow rate that
test particles could withstand while remaining trapped.
Compared to cells, beads are simpler to model and have less
variability in size, making them an ideal particle for trap
proof-of-concept (Fiedler et al., 1998; Frenea et al., 2003;
Medoro et al., 2003; Schnelle et al., 1993; Voldman et al.,
2001, 2003). The measurements were in excellent agreement
with our modeling predictions. By modeling the maximum
ﬂow rate as a function of bead diameter, we were able to
determine that the trap displayed a size-selectivity behavior,
being optimized to hold ;9-mm-diameter beads. We then
used our model to generate a set of design rules to tune the
size-selectivity behavior, allowing us to design DEP traps
that are optimized to trap a wide range of cell sizes.
Bead experiments
For each bead diameter of 4.2, 8.2, 9.7, 14.2, and 19.5 mm,
maximum ﬂow-rate measurements were made every 1 Vp
from 0 to 5 Vp, allowing us to generate the holding
characteristic for the trap (Fig. 3). We then compared these
measurements to predictions generated by our modeling
software. Each subﬁgure represents a different bead diameter
and plots the predicted and experimental maximum ﬂow rate
versus the applied voltage. The maximum ﬂow rate always
increased as the applied voltage increased. In addition, at
0 Vp the maximum ﬂow rate was always zero, suggesting
that the beads did not stick to the glass slide. The difference
between the predictions and experimental mean was found to
be #16% in all cases, except for the 4.2-mm beads that had
a difference of 26%. The difference was calculated as:
jQexp  Qmodelj
Qmodel
; (6)
where Qexp is the experimental mean maximum ﬂow rate
at a given voltage and Qmodel is the predicted maximum
ﬂow rate at a given voltage. In addition, in other experiments
with these traps, the maximum ﬂow rate measurements were
shown to be repeatable over different days (data not shown).
Over the course of all the experiments, certain traps in the
5 3 5 array were repeatedly stronger whereas others were
repeatedly weaker, which we believe is the major contributor
to the standard deviation in the experiments. To understand
this observed behavior, we analyzed the differences in
maximum ﬂow rate caused by variations in the most sensitive
parameters in the system—the trap geometry, the bead size,
and the ﬂow chamber height. The upper and lower limits for
these parameters were used to calculate the upper and lower
FIGURE 3 Experimental and simulated results for ﬁve different diameter beads. We vary the applied voltage from 0 to 5 Vp and measured the maximum
ﬂow rate at which the beads are still trapped. Bead diameters are (A) 4.2 mm, (B) 8.2 mm, (C) 9.7 mm, (D) 14.2 mm, and (E) 19.5 mm. Shown are the predicted
values (dashed line), mean (circles), and standard deviation (solid line) (n$ 3; at least three of the 25 traps were ﬁlled at each voltage). Model and experiment
differ by #16% in all cases, except for the 4.2-mm beads that had a difference of 26%.
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limits for the maximum ﬂow rate. By taking the difference of
these ﬂow rates and dividing by the average, we were able to
calculate a contribution to the variability. There were varia-
tions in trap geometry due to fabrication heterogeneity, so we
measured the dimensions of both the strongest and weakest
DEP trap and used our modeling software to determine how
it affected the maximum ﬂow rate. Most dimensions differed
by ,1 mm, with maximum ﬂow rates that yielded an ;7%
contribution to variability. Although the standard deviations
in bead sizes were all,1mm,we looked at how differences in
bead diameter of61mmaffected themaximumﬂow rate. Our
model predicted that these bead variations caused a contribu-
tion to variability of;13%. Finally, we looked at variations in
ﬂow chamber height because we noticed that the stronger and
weaker trapswere located on different sides of the 53 5 array,
suggesting that the ﬂow chamber height was nonuniform
across the array. We measured the ﬂow chamber height three
times at both sides of the array and found a height difference of
;7mm,which caused differences inmaximumﬂow rates that
yielded a contribution to variability of;13%. This variation
in ﬂow chamber height is probably due to differences in
clamping force for the four binder clips or nonuniform height
of the PDMS gasket.
Size-selectivity behavior
Using the 5 Vp data of each bead diameter from Fig. 3, we can
plot the maximum ﬂow rate as a function of bead diameter
(Fig. 4 A). Because the 4.2- and 8.2-mm bead diameter
experiments were performed at a different ﬂow chamber
height than the other three bead diameter experiments, we
normalized the experimentalmaximumﬂow rate for these two
smaller bead sizes. Because the maximum ﬂow rate is deter-
mined by the detailed interactions between theDEP, drag, and
gravitational forces, we chose to normalize the experimental
maximum ﬂow rate numerically by using the ratio of the
simulated maximum ﬂow rates at both chamber heights.
Because the DEP force increases with R3 (Eq. 1), we
would expect the maximum ﬂow rate to increase with bead
size for a given DEP trap. However, in our trap, the maxi-
mum ﬂow rate increases and then decreases with bead
diameter, creating a size-selectivity behavior that is opti-
mized for ;9-mm particles. The trapped bead experiences
x-, y-, and z-directed electric ﬁelds and is pushed out of the
trap when its center of mass sees upward z-directed electric
ﬁelds, pushing it up into higher shear ﬂows and therefore out
of the trap. The bead remains trapped when the bead center
of mass experiences the downward z-directed electric ﬁelds.
The line deﬁning the transition from upwards to downwards
z-directed electric ﬁelds—the stability transition line—was
determined from the modeling software to have the shape in
Fig. 4 B. Although the trap has strong enough x-directed
electric ﬁelds to resist ﬂow rates .100 mL/min, it is the
upward z-directed ﬁelds that push the beads out of the trap at
lower ﬂow rates. Therefore, this stability transition line is the
critical determinant of the size-selectivity behavior.
FIGURE 4 Size-selectivity behavior. (A) Experimental and simulated results for all bead diameters at a 5 Vp, 5 MHz applied signal. Shown are the predicted
values (dashed line), mean (circles), and standard deviation (solid line) (n$ 3 at each voltage). Experimental results were normalized for ﬂow chamber height
variations between experiments. (B) The stability transition line was determined from the modeling software. (C) Low ﬂow rates. All bead centers are in the
stable region such that the bead is being pushed down by the downward DEP force. Importantly, larger beads are trapped further away from the right side of the
square electrode. (D) High ﬂow rates. Upon starting ﬂow, the beads are pushed to the right. Both smallest and largest bead centers leave the stable region and
are pushed out of the trap by the upward DEP force, whereas the medium-sized beads do not leave the stable region until higher ﬂow rates are reached.
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The size-selectivity behavior occurs because of two ef-
fects. First, at low ﬂow rates, the geometry of the electric
ﬁelds pushes larger beads further away from the right side of
the square electrode (RSSE), allowing them to travel a greater
distance in the 1x-direction (to the right) before they get to
the upward z-directed electric ﬁelds near this electrode (Fig.
4 C). Second, at higher ﬂow rates the beads are pushed to the
right, toward the upward z-directed ﬁelds near the RSSE. The
smaller-diameter beads started out closer to the RSSE, so
with ﬂow they get pushed near this electrode and experience
the upward z-directed ﬁelds there (Fig. 4 D, top). The larger-
diameter beads have centers of mass that are high enough to
experience the upward z-directed ﬁelds further away from
the RSSE (Fig. 4 D, bottom). The medium-sized beads do
not experience the upward z-directed ﬁelds until higher
ﬂow rates, making the trap optimized for these bead sizes
(Fig. 4 D, middle).
Multipole contributions to DEP force
Previous nDEP traps typically have been much larger than
the particle being trapped and position the particle away
from the higher-order electric-ﬁeld gradients near the
electrodes, yielding only signiﬁcant lower-order pole con-
tributions to the multipole DEP force. For instance, the
extruded quadrupole geometry has only signiﬁcant dipole
and quadrupole contributions to the multipole DEP force
(Voldman et al., 2001). Our DEP trap geometry is designed
to be only slightly bigger than the particle being trapped to
minimize trapping of more than one particle. In addition, the
trapped particle sits inside the inner square area, right next to
the electrodes, and experiences higher-order electric ﬁeld
gradients. Therefore, the multipole DEP force for our trap
ends up having signiﬁcant dipole, quadrupole, and octopole
contributions (Fig. 5). Higher-order multipole contributions
do not signiﬁcantly affect the maximum ﬂow rate, and thus
all our modeling predictions include only up to octopole
contributions.
According to the dipole component of the multipole DEP
force (Eq. 1), with a negative CM factor, the =E2 must be
positive for our traps to operate in the nDEP regime. In Fig.
5, we see that the contribution of higher-order poles lowers
the maximum ﬂow rate and therefore the total multipole DEP
force. This means that higher-order poles have higher-order
ﬁeld gradients that are negative, weakening the positive =E2
from the dipole force.
Design rules
Because the bead-holding experiments show excellent
agreement with our predictions, we can use the model to
extend beyond the experimental space to develop a set of
design rules to tune the size-selectivity behavior shown in
Fig. 4 A. This allows us to design traps optimized for placing
cells of various sizes. We show that changing the electrode
inner square area and spacing between both electrodes grants
the freedom to optimize the traps for a speciﬁc particle size.
Because it is the z-directed electric ﬁelds that determine
the stability of the trap, this stability transition line is the
critical determinant of the size-selectivity behavior. There-
fore, when analyzing how changing the trap dimensions
affects the size-selectivity behavior, we only needed to look
at the stability transition line. For instance, increasing the
slope of the stability transition line allows larger particles
to remain in the downward z-directed electric ﬁelds, and
therefore increases the peak holding diameter, the bead
diameter where peak holding occurs. Shifting the stability
transition line further from the RSSE decreases the mag-
nitude of the maximum ﬂow rate because it takes less ﬂow to
push the particles into the upwards z-directed electric ﬁelds,
but with the slope unchanged, will not change the peak
holding diameter.
We simulated varying the electrode inner square side
length (ISSL) from 15 to 35 mm (Fig. 6 A). The maximum
ﬂow rate was calculated at 5 Vp as a function of bead
diameter for a given ISSL (Fig. 6 B). As the ISSL increases,
the stability transition line increases in slope (Fig. 6 C),
causing the peak holding diameter to increase (Fig. 6 D). As
the ISSL increases, the stability transition line also shifts
further from the RSSE (Fig. 6 C), causing a decrease in the
maximum ﬂow rate magnitude (Fig. 6 E). Notice that for the
smaller ISSL traps, the size-selectivity curve ends before 24
mm. This is because these larger beads experience the
upward z-directed electric ﬁelds no matter where they are in
the smaller inner square area traps, causing them to be
pushed out of the trap even at zero ﬂow. Therefore, as the
ISSL decreases, the size-selectivity curve ends at smaller
bead diameters with larger peak maximum ﬂow rates,
making the degree of size selectivity more pronounced. The
converse is also true: as the ISSL increases, the degree of size
selectivity becomes less pronounced.
FIGURE 5 Multipole contributions to the DEP force. Contributions from
the dipole force alone (m ¼ 1), dipole-quadrupole force (m ¼ 2), dipole-
quadrupole-octopole force (m ¼ 3), and dipole-quadrupole-octopole-
hexadecapole force (m ¼ 4).
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Varying the ISSL was designed to allow control over the
peak holding diameter, but additionally affected the maxi-
mum ﬂow-rate magnitude. Therefore, we wanted to ﬁnd
a way to independently control the maximum ﬂow-rate
magnitude. We did this by varying the spacing between the
electrodes (SBE) from 5 to 25 mm (Fig. 7 A) and calculated
the maximum ﬂow rate at 5 Vp as a function of bead diameter
(Fig. 7 B). As SBE was varied, the stability transition line did
not signiﬁcantly change, so the bead peak holding diameter
stayed roughly the same (Fig. 7 C). However, as the SBE
increases the electric ﬁelds becomeweaker, causing themaxi-
mum ﬂow rate magnitude to decrease (Fig. 7 D).
In addition to varying the electrode dimensions, we also
simulated how changing the ﬂow chamber height affects the
peak holding diameter and maximum ﬂow rate magnitude.
We varied the ﬂow chamber height from 50 to 250 mm (Fig.
8 A) and calculated the maximum ﬂow rate at 5 Vp as
a function of bead diameter (Fig. 8 B). As ﬂow chamber
height increased, the stability transition line did not sig-
niﬁcantly change, so the peak holding diameter stayed
roughly the same (Fig. 8 C). As the ﬂow chamber height
increased, the maximum ﬂow rate magnitude increased (Fig.
8 D). This is because the shear rate and thus the drag force
are proportional to Q=h2 (Eq. 3), whereas the DEP force is
independent of Q and h. Because the x-directed DEP force
and drag force are equal in magnitude for a trapped particle,
increasing the chamber height allows an increase in the
maximum ﬂow rate. Therefore, making the chamber height
as large as possible allows signiﬁcantly higher maximum
ﬂow rates. This would be limited by practical concerns such
as the microscope objective working distance (if looking
from the top), chamber volume restrictions, or O2 transport
issues. Decreasing the chamber height would decrease the
maximum ﬂow rate. The lower limit of chamber height is
determined either by the size of the cell or practical issues of
clogging. Before this limit is reached, the cell would begin to
become an appreciable fraction of the chamber height, which
would signiﬁcantly constrict the ﬂow and increase the drag
force on the cells faster than predicted from shear rate con-
siderations alone, further decreasing performance.
In addition to varying the ISSL and SBE, we also varied
the actual electrode width and the inner square length and
width independently. Although these variations produced
similar size-selectivity proﬁles to those generated by varying
ISSL and SBE, these variations did not offer any additional
ways to tune the proﬁles—they also only altered the bead
FIGURE 6 Size-selectivity behavior due to changing inner square side length (ISSL). All other dimensions were held constant. (A) The ISSL was varied from
15 to 35 mm to determine the effects on size-selectivity behavior. (B) The maximum ﬂow rate was calculated at 5 Vp as a function of bead diameter for a given
ISSL. (C) Increasing the ISSL increases the slope of the stability transition line and shifts it further away from the RSSE. (D) As the ISSL increases, the peak
holding diameter increases. The peak holding diameter was determined by cubically ﬁtting the size-selectivity curves. (E) As the ISSL increases, the maximum
ﬂow rate magnitude decreases.
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diameter where peak holding occurs and the maximum ﬂow
rate magnitude (data not shown). We choose to only present
the ISSL and SBE variations for design rules because these
variations maintain the trap geometry in its simplest form,
keeping the inner electrode shape as a square and all elec-
trode widths as 10 mm.
We also looked at other possible shapes for the square
electrode (data not shown). Circular geometries were not as
strong because the curving electrode splits up the DEP force
into x- and y-components, providing less force to counteract
the x-directed ﬂow. Rectangular geometries did not signif-
icantly affect the trap strength, but do increase the probability
of trapping more than one particle in each trap. The square
electrode geometry was the best choice for the strongest,
single-particle trap.
Multiple- and single-bead trapping
The 4.2-, 8.2-, and 9.7-mm beads were small enough to have
multiple beads trapped inside the inner square area, whereas
the 14.2- and 19.5-mm diameter beads were large enough
that we never observed trapping of more than one bead.
When the traps were turned on with two of these larger beads
inside, the additional bead would always be pushed out of
the trap, leaving one remaining trapped bead. Therefore, one
can ensure single-particle trapping using size exclusion. Our
25-mm ISSL trap was shown to ensure single-particle trap-
ping for beads$14.2 mm. Even though this trap is optimized
for particles of;9 mm, the difference in maximum ﬂow rate
between 9- and 14.2-mm bead diameters is,5 mL/min (Fig.
4 A), a minimal decrease in trap strength.
Another way to ensure single-particle trapping besides size
exclusion is using ﬂow. It was observed during the 4.2-, 8.2-,
and 9.7-mm bead experiments that when there were multiple
beads trapped inside the inner square, the multiple-particle
maximum ﬂow rate was less than the single-particle maxi-
mum ﬂow rate. When the ﬂow rate exceeded the multiple-
particle maximum ﬂow rate, sometimes all of the beads were
removed at once, whereas other times only some of the beads
were removed until a single bead remained in the trap.
Therefore, another method to ensure single-particle trapping
is to operate the ﬂow rate near the single-particle maximum
ﬂow rate so multiple particles are unable to remain trapped.
DISCUSSION
Our bead experiments have shown remarkable agreement
with our model, without the use of ﬁtting parameters. Our
DEP traps have shown a tunable size-selectivity behavior
that can be used to optimally pattern particles of a desired
size. In addition, we have fabricated a strong, planar, nDEP
trap—a combination of features that has not been simulta-
neously realized to date.
Trap operation for single-particle patterning
The operating scheme for our single-particle traps consists of
three steps. First, with the ﬂow on and the traps off, we
FIGURE 7 Size-selectivity behavior due to chang-
ing spacing between electrodes (SBE). All other
dimensions were held constant. (A) The SBE was
varied from 5 to 25 mm to determine the effects on size-
selectivity behavior. (B) The maximum ﬂow rate was
calculated at 5 Vp as a function of bead diameter for
a given SBE. (C) As the SBE increases, the peak
holding diameter stays roughly the same. The peak
holding diameter was determined by cubically ﬁtting
the size-selectivity curves. (D) As the SBE increases,
the maximum ﬂow rate magnitude decreases.
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initially ﬂood the patterning space with a high density of
particles, maximizing the number of particles located inside
our traps. Second, we turn off the ﬂow and then turn the traps
on. Third, with the traps on, we turn the ﬂow on, washing
away the untrapped cells and leaving only single particles
within each trap. Other DEP trap geometries that pattern
particles in localized regions on a substrate, such as inter-
digitated electrodes that create patterned lines of particles, do
not necessarily need to use ﬂow to remove the untrapped
particles (Albrecht et al., 2004). However, because our traps
do require ﬂow to clear the untrapped particles, we require
a strong trap to hold the particles against practical ﬂow rates.
Because particles are only held in the traps if they initially
reside within the inner square electrode, we initially ﬂood the
patterning space with an excess of particles, thus increasing
the probability that at least one particle will be located within
the trap. The ﬂooding time is small because the particles can
be ﬂowed in at .100 mL/min, being limited by the maxi-
mum pressures the ﬂow chamber can withstand. For cells,
this ﬂow rate is further limited by the maximum allowable
shear stress on the cells. The ﬂooding time will then be
a function of the maximum ﬂow rate and the combined
chamber and tubing volume. The smaller this combined
volume, the less time it takes for ﬂooding. For our traps and
ﬂuidics setup, we estimate the ﬂooding time to be ,30 s.
Once the patterning space is covered with particles, the ﬂow
can be turned off for trapping.
With particles inside the inner square electrode, the traps
can now be turned on. Our model predicts that there will be
only one stable point within the trap at a given ﬂow rate.
Although variations in ﬂow, particle size, and fabrication
dimensions could change the location of this stable point, we
did not observe differences in the trapped particle positions
in our bead experiments.
In the absence of ﬂow, the particle is trapped near the
center of the square, but the exact location depends on
the particle size. The model simulations show that larger
particles are trapped within a few microns to the left of
the square center whereas the smaller particles are trapped
within a few microns to the right of the square center (shown
in Fig. 4 C). In addition, we observed experimentally with
zero ﬂow that the untrapped particles aligned in between the
traps. However, once ﬂow is started, the beads in this region
get washed away because of the upwards z-directed electric
ﬁelds there, leaving particles remaining only in the traps.
The time needed for trapping is negligible for our pur-
poses. We used our modeling software to estimate how long
it would take a particle to move the length of the trap using
the DEP force on the particle 0.5 mm away from the stable
point in the trap (which likely overestimates the average
transit time). Using this DEP force, we determined the cor-
responding velocity of the particle to be;20 mm/s. Because
particles will be trapped only if they initially reside within
the inner square, the maximum distance for them to travel is
;1/2 ISSL ¼ 12.5 mm, yielding trapping times ,1 s, which
is consistent with what was experimentally observed in the
bead experiments. The DEP force outside the trap is weaker,
so it takes longer for the particles outside the inner square to
stop moving, observed in the experiments to be ,5 s.
However, as long as the particles in the inner square are
FIGURE 8 Size-selectivity behavior due to chang-
ing the ﬂow chamber height. All other dimensions
were held constant. (A) The chamber height was varied
from 50 to 250 mm to determine the effects on size-
selectivity behavior. (B) The maximum ﬂow rate was
calculated at 5 Vp as a function of bead diameter for
a given chamber height. (C) As the chamber height
increases, the peak holding diameter stays roughly the
same. The peak holding diameter was determined by
cubically ﬁtting the size-selectivity curves. (D) As the
chamber height increases, the maximum ﬂow rate
magnitude increases.
2202 Rosenthal and Voldman
Biophysical Journal 88(3) 2193–2205
trapped, we could turn on the ﬂow before the particles
outside the traps have reached their endpoints, because we
will be washing away these particles anyway. Overall, these
trapping times are negligible compared to the wash times.
Now that the particles are trapped in the inner square
electrode, the ﬂow can be turned back on to wash away the
particles outside the traps. This wash step is usually the rate-
limiting step in patterning particles because the ﬂow rate
cannot exceed the maximum ﬂow rate of the trapped particle.
Therefore, we require a strong trap that allows high enough
ﬂow rates for practical experimental times. The wash time
is also dependent on the combined chamber and tubing
volume, so minimizing this volume will help to reduce wash
times. For our traps and ﬂuidics setup, we estimate the wash
time to be on the order of minutes. Once the particles are
washed away, leaving only particles within the traps, the
ﬂow and the traps can be turned off.
A strong planar nDEP trap
The current methodology for fabricating strong nDEP traps
has been to build the trap in three dimensions, either by using
electrodes on a top and bottom substrate (Manaresi et al.,
2003; Schnelle et al., 1993) or by extruding the actual
electrodes (Voldman et al., 2003), making the packaging or
fabrication more difﬁcult. In addition, these traps all position
the particle away from the bottom substrate, making them
inappropriate for patterning cells. Therefore, to be used for
cell patterning, the particle needs to be trapped near the
substrate, which is more easily accomplished with a planar
DEP trap. The limitation of this is that previous planar nDEP
traps have not been strong traps (Voldman et al., 2001), and
therefore can only be used with lower ﬂow rates, increasing
experimental times so signiﬁcantly that they are inappropri-
ate for patterning cells. To our knowledge, our trap is the
strongest planar nDEP trap reported to date. The difference is
that typical planar designs, like the planar quadrupole, use
nDEP trap geometries that create an upward DEP force
everywhere in the trap, shown schematically in Fig. 9 A.
Once a certain voltage is reached, the upwards DEP force
exceeds the gravitational force, causing the particles to be
levitated into higher velocity ﬂows. This causes the maxi-
mum ﬂow rate to decrease with increasing voltage (Voldman
et al., 2001). Our planar nDEP design, however, traps the
particle inside the inner square, where there is an upward
DEP force above the stability transition line and a downward
DEP force below the line, shown schematically in Fig. 9 B.
For the same experimental conditions at 5 Vp, our traps have
.200 times the holding force and .2400 times the maxi-
mum ﬂow rate as previous planar designs (Voldman et al.,
2001). This stabilizing z-directed DEP force is the key
feature that makes our traps much stronger than previous
planar designs.
Previous DEP traps made to pattern single cells use pDEP,
which require the cells to be immersed in an artiﬁcial low-
conductivity media (Gray et al., 2004; Prasad et al., 2004).
Although these pDEP traps only need to use this low-
conductivity media while trapping, which can be accom-
plished within minutes, overnight exposure to this media
caused cells to detach more frequently and proliferate more
slowly than controls (Gray et al., 2004). More sensitive cells
might be affected by this artiﬁcial media much sooner,
within the time needed for trapping. Our nDEP traps should
allow single-cell patterning using normal cell media and thus
minimize negative cell-media interactions.
Scaling up to arrays of size n 3 n
Our bead experiments were done in a 5 3 5 array of DEP
traps. The fabrication consisted of photolithography, metal
evaporation, and liftoff—which is a fairly quick and simple
process. It would therefore be very easy to scale up these trap
arrays, creating a device that can simultaneously pattern
hundreds of thousands of cells on a single microscope slide.
The only limiting factor would be the available area for the
traps, determined by the size of the slide and the density of
the traps, which are both ﬂexible parameters. For a micro-
scope slide of 383 75 mm and a trap-to-trap distance of 100
mm, ;300,000 cells could be patterned on a single chip.
Implications for single-cell patterning
We have created DEP traps that can position beads anywhere
on the glass slide, allowing complete control of particle
patterning over an entire substrate. Although transitioning
from beads to cells has been demonstrated repeatedly in the
past (Fiedler et al., 1998; Frenea et al., 2003; Fuhr et al.,
1994; Manaresi et al., 2003; Voldman et al., 2002), there are
several issues that arise when using nDEP to pattern cells.
Cells can be damaged from cell heating, transmembrane
loading, and electrochemical effects. In addition, trap
FIGURE 9 Force ﬁelds of a typical planar DEP trap geometry (Voldman
et al., 2001) and our nDEP traps. (A) Typical planar nDEP geometries create
an upward DEP force everywhere in the trap. (B) Our planar design traps the
particle inside the inner square, where there is an upward DEP force above
the stability transition line and a downward DEP force below the line.
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operation can be affected due to the large variability in cell
size, electrohydrodynamic ﬂows, and electrode fouling.
When electric ﬁelds exist in a conductive medium, heating
of the medium occurs, which can increase cell temperatures
and damage cells. The power generation per unit volume of
the media (W) is deﬁned by (Ramos et al., 1998):
W ¼ sE2; (7)
where s is the media conductivity. Because the conductivity
of cell-culture media is .100 times greater than that of bead
media, the possibility of cell overheating signiﬁcantly
increases. Several approaches exist to mitigate this effect.
First, one can pattern the electrodes on a substrate with a high
thermal conductivity, such as Si, which helps to minimize
the temperature rise (Docoslis et al., 1999). Additionally,
minimizing the electric ﬁelds by operating at lower applied
voltages will also help to keep the temperature rise low
(Glasser and Fuhr, 1998), although this also lowers the
strength of the traps.
Transmembrane loading occurs when the induced cell
membrane voltage exceeds critical values, possibly causing
electroporation or disruption of cell-cycle dynamics (Archer
et al., 1999; Glasser and Fuhr, 1998). This maximal induced
transmembrane potential is given by (Foster and Schwan,
1989):
Vm ¼ 1:5ER
11RGmðri1 0:5raÞ
1
11 jvt
; (8)
where Gm is the membrane conductance, ri is the cytoplasm
resistivity, ra is the media resistivity, and t is deﬁned as:
t ¼ RCmðri1 0:5raÞ
11RGmðri1 0:5raÞ
; (9)
where Cm is the membrane capacitance. Because the mem-
brane acts like an electrical high-pass ﬁlter, operating at ap-
plied signal frequencies in the MHz range and limiting the
applied signal voltage will both help to minimize transmem-
brane loading (Archer et al., 1999; Glasser and Fuhr, 1998).
Electrochemical effects—the production of harmful
products caused by interactions between the media and the
electrodes—can disrupt cell-cycle dynamics. Wang et al.
(1999) found that hydrogen peroxide was produced when
sugar-containing media was exposed to electric ﬁelds, which
inhibited cell growth. This inhibition was exacerbated with
higher conductivity media, lower signal frequencies, and
higher signal voltages. Minimizing signal voltage and in-
creasing signal frequency helped to remove these effects on
cell health. In addition, normal cell growth could be restored
by addition of catalase to the medium, breaking down the
hydrogen peroxide to oxygen and water.
In addition to cell health, trap operation can also be affected
when using nDEP with cells. Along with the absolute tem-
perature rises, temperature gradients can arise that induce
gradients in the media permittivity and conductivity. These
gradients will force ions to move, dragging the ﬂuid along
with it and creating electrohydrodynamic (EHD) ﬂows
(Green et al., 2001; Ramos et al., 1998). If these EHD ﬂows
are large enough, they can affect cell trapping.Minimizing the
absolute temperature rise using the methodsmentioned above
will limit the effects of EHD ﬂows on trap operation.
Another difference between beads and cells is that the size
variability in a cell population is usually quite large, yielding
a range of ﬂow rates for each cell diameter. If we wanted to
trap all the cells in a population, we would have to operate
below the lowest ﬂow rate. However, because the size-
selectivity curves are generally ﬂat around the peak holding
diameter (Fig. 4 A), the sacriﬁce in trap strength would be
minimal.
Another possible issue when patterning with cells is
electrode fouling, caused by reactions between the electrodes
and the surrounding cell-culture media. Thoroughly clean-
ing the electrodes after each experiment should prevent elec-
trode fouling, which is possible with our packaging scheme
because it allows us to take apart the ﬂow chamber and
thoroughly clean the electrode slide.
Because our validated model can predict the ﬁelds and
forces everywhere in the patterning space, we can determine
the media temperature rise, induced transmembrane voltage,
and EHD ﬂows. Thus, we can optimize our geometry and
operating conditions to minimize the effects on cell health
while maximizing trap strength. In addition, we can take
advantage of the high strength of our traps to use high ﬂow
rates during the wash step, minimizing our patterning times
and exposure of the cells to the electric ﬁelds (approximately
minutes). Using the trap operation described above, the only
cells remaining after the wash step are the cells in the traps.
The ﬂow and the traps can then be turned off, allowing the
cells to attach to the substrate, grow, and proliferate.
CONCLUSIONS
Wehave presented a novelDEP trap for single-cell patterning,
offering a unique combination of being strong, planar, nDEP,
scalable, and size selective. In addition, our devices are easy
and inexpensive to fabricate and package.We have elucidated
the design rules for making our nDEP trap optimized for
a wide range of cell sizes. Thus, we have provided the foun-
dations for an enabling technologywith great potential—to be
used to pattern single cells in a wide range of conﬁgura-
tions—allowing us to do novel cell biology experiments
at the microscale that were previously not possible.
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